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Singapore, SingaporeABSTRACT In this review, we focus on the early events in the process of fibroblast spreading on fibronectin matrices of
different rigidities. We present a focused position piece that illustrates the many different tests that a cell makes of its environ-
ment before it establishes mature matrix adhesions. When a fibroblast is placed on fibronectin-coated glass surfaces at 37C, it
typically spreads and polarizes within 20-40 min primarily through avb3 integrin binding to fibronectin. In that short period, the cell
goes through three major phases that involve binding, integrin activation, spreading, and mechanical testing of the surface. The
advantage of using the model system of cell spreading from the unattached state is that it is highly reproducible and the stages
that the cell undergoes can thus be studied in a highly quantitative manner, in both space and time. The mechanical and
biochemical parameters that matter in this example are often surprising because of both the large number of tests that occur
and the precision of the tests. We discuss our current understanding of those tests, the decision tree that is involved in this pro-
cess, and an extension to the behavior of the cells at longer time periods when mature adhesions develop. Because many other
matrices and integrins are involved in cell-matrix adhesion, this model system gives us a limited view of a subset of cellular be-
haviors that can occur. However, by defining one cellular process at a molecular level, we know more of what to expect when
defining other processes. Because each cellular process will involve some different proteins, a molecular understanding of mul-
tiple functions operating within a given cell can lead to strategies to selectively block a function.Quantitative analysis of the physical factors that underlie
cellular behavior has become a fundamental aspect of mod-
ern cell biology. This is not a novel notion, since ‘‘numerical
precision is the very soul of science, and its attainment
affords the best, perhaps, the only criterion of the truth of
theories and the correctness of experiments’’ (1). Only in
the last couple of decades, however, have micro- and nano-
fabrication technologies been applied to quantitatively
analyze physical traits of the cellular machinery involved
in different aspects of cellular physiology. Of particular in-
terest have been the processes that occur during the interac-
tion of cells with their extracellular environment, including
chemical sensing and mechanosensing. A series of studies
using fibronectin as a substrate for cell-extracellular matrix
(ECM) adhesion defined the early steps of fibroblast
spreading from suspension. When plated on fibronectin-
coated glass, the cells go through three major phases of
behavior from the unsuspended state to the flat and polarized
state: 1), initial attachment (phase 0 (P0)); 2), a rapid increase
in cell spread area through depletion of membrane reservoirs
(P1); and 3), a slower spreading phase that includes periodic
protrusion/retraction of the cell edge and an increase inmem-
brane area (P2) (2,3) (Fig. 1). This phase behavior definesSubmitted September 9, 2014, and accepted for publication October 22,
2014.
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0006-3495/14/12/2508/7 $2.00critical checkpoints for the progression to a spread and
growing cell, and reveals important aspects of initial adhe-
sion formation, actin polymerization, myosin contractions,
changes in membrane tension, and actin rearward flow.
Notably, many of the molecules involved in these steps are
shown to be involved in cancer, including integrins (4), Rho
GTPases (5), tyrosine kinases (6,7), and bona fide cytoskel-
etal proteins (8,9). This is perhaps not surprising since one
of the hallmarks of cancer cells is their ability to ignore sig-
nals from the matrix and grow under anchorage-independent
conditions. The picture that emerges from these studies is
that the timing and location of action of the different proteins
are very important for the progression of the overall process,
and thus it is not only the up-/downregulation of specific pro-
teins that affects processes such as cancer progression.Integrin clustering: minimal adhesion unit
Integrin clustering is a critical step in the early formation of
cell-ECM adhesions because the multimeric nature of the
clusters provides increased strength of binding to matrix.
Thus, when the pentameric fibronectin type III domain
7-10 was used as a ligand, it supported 6- to 9-fold greater
force per fibronectin than the corresponding monomeric
form (10). The formation of early integrin clusters typically
occurs at the cell edge, when the membrane protrudes for-
ward and encounters new matrix, and involves talin and/or
kindlin binding (11–13). After the initial clusters form,
some grow into mature adhesions in a myosin-II-dependenthttp://dx.doi.org/10.1016/j.bpj.2014.10.041
FIGURE 1 Early steps of fibroblast spreading on fibronectin substrates. A fibroblast cell goes through several distinct phases when plated on a fibronectin
surface. Attachment is followed by the formation of initial integrin clusters, best observed on supported lipid bilayer, using the mobile Arg-Gly-Asp (RGD)
peptide as the integrin ligand (P0; figure modified from Yu et al. (27) (top panel) and Iskratsch et al. (28) (bottom panel). Cluster formation is accompanied by
binding of the actin assembly protein FHOD1 and actin assembly (see kymograph). Myosin II then contracts the clusters (not shown), activating fast actin
polymerization and cell spreading. As the cell spreads out, the membrane folds and blebbs flatten out and feed into the expanding membrane surface (P1,
epifluorescence images of the membrane dye FM1-43; images modified from Gauthier et al. (38). Additionally, activation of exocytosis increases the avail-
ability of phospholipids. A decrease in the pool of available lipids leads to a sharp rise in membrane tension and a switch to the subsequent protrusion-retrac-
tion phase (P2). During the P2 phase, the cell tests its environment with local contractions (see the force map on PDMS pillar arrays from Ghassemi et al.
(34)) during the periodic protrusion-retractions (kymograph of the spreading cell edge from Giannone et al. (3)). To see this figure in color, go online.
Quantitative Analysis of Biomechanical Events 2509manner (14–17). Thanks to recent nanotechnological ad-
vances, investigators have defined the maximal spacing
between integrins that allows the formation of strong adhe-
sions, as well as the minimal number of integrins required.
Several studies from the Spatz lab using gold nanodots ar-
ranged in a hexagonal lattice functionalized with RGD
(Arg-Gly-Asp, the integrin ligand present in ECM proteins
such as fibronectin) have shown that the maximal distance
between RGD ligands that supports cell spreading is
~60 nm (18–21). At larger distances between the ligands,
the cells do not stay spread and a gradient in the spacing
can cause directed cell migration. Using RGD-functional-
ized gold nanodots arranged in isolated clusters (rather
than continuous arrays), Schvartzman et al. (22) showed
that a minimal cluster of four dots spaced by 60 nm was
needed for adhesion and the clusters could be spaced by at
least 400 nm with no loss in cell spreading. The kinetics
of the process and which proteins are required for minimal
adhesion formation are still not clear; however, it is clear
that the cell relies on a minimal adhesion unit to be ableto sustain spreading on a surface and to form strong adhe-
sion structures.Actin polymerization and force generation
on very early adhesions
It has been suggested for a number of years that forces
applied to small nascent adhesions via actomyosin fibers
are required for their growth and stabilization (23). It was
shown, for example, that treating cells with inhibitors of
myosin contractions prevented the formation of large
mature adhesions, and only small adhesions remained at
the cell edge (24–26). However, force is not necessary for
the initial formation of integrin clusters. This was shown
by using myosin-IIA and IIB knockdown cells plated on
fibronectin-coated glass (17), as well as wild-type cells
plated on lipid bilayers containing lipid-bound RGD ligands
(27). In both cases, integrin clusters still formed in the
absence of force. In the latter case, the formation of those
clusters stimulated actin polymerization from them. TheBiophysical Journal 107(11) 2508–2514
2510 Wolfenson et al.cells were further activated for spreading when barriers were
inserted into the lipid bilayers (so that myosin was able to
generate force on the clusters), but not when the barriers
were absent. Thus, there appears to be a force-dependent
step in the early process of adhesion formation that is
distinct from the larger contractions that follow. It is the
activation of actin polymerization from clusters due to the
recruitment of the formin family protein FHOD1 that cata-
lyzes actin polymerization from those sites, followed by
myosin contraction of the actin filaments that move the clus-
ters together to activate the next phase of spreading (27,28)
(Fig.1). If force is not developed on the clusters, they dissi-
pate and further spreading is prevented. Notably, several re-
ports have indicated that adhesion maturation does not
depend on contractile activity by myosin, but rather involves
its actin cross-linking function (14,16,17). Still, exceeding a
certain force threshold seems to be critical for adhesion rein-
forcement and growth (29,30). One possible explanation for
this conundrum is that on hard surfaces the global forces
generated by actin flow could suffice for adhesion matura-
tion (31,32) by generating drag on mechanosensitive mole-
cules, but on soft matrices, localized forces generated by
myosin are necessary (33,34). This is supported by the
fact that lamellipodia of fish keratocytes can sustain treat-
ment with high concentrations of blebbistatin (35,36) due
to their very high actin polymerization activity, which can
exert sufficient drag on mechanosensors.Major spreading of the cells after force-dependent
activation
The rapid spreading of cells in the presence of barriers on the
lipid bilayers is similar to P1 of the spreading of cells on
fibronectin-coated glass, during which the cells rapidly
flatten out on the surface. Once activated, this spreading
does not require further integrin activation, as evidenced
by the fact that the cell edges move out at the same rate on
fibronectin-coated glass as on adjacent nonadhesive glass
surfaces (37). On the lipid bilayers, the clusters move out-
ward almost concomitantly with the cell edge, and only at
the end of spreading does the cell edge move away from
the clusters. Throughout this process, clusters near the cell
center move away from clusters near the edge, suggesting
that actin polymerization from the clusters is driving them
apart. As the cell spreads further, the edge polymerization
appears to increase relative to the internal polymerization
and the distance between the outer clusters and the cell
edge increases. This is all consistent with a general activation
of actin polymerization at multiple sites that ends when the
cell reaches the limit of membrane area (see below).
Interestingly, only a fraction of the fibroblasts spread in
this isotropic manner, whereas the rest spread anisotropi-
cally through localized extension events of their edges
(1–4 mm of the cell edge extending for 30–90 s) that are fol-
lowed by brief contraction events. It is not clear what decidesBiophysical Journal 107(11) 2508–2514whether a cell will spread isotropically or anisotropically,
although the fraction of isotropic spreading is increased by
serum starvation (2). In general, rapid isotropic spreading
serves as a better experimental model because there is a clear
separation of the spreading and contraction steps over the
whole cell, whereas in anisotropic spreading, those behav-
iors occur in local regions asynchronously over the cell.Membrane tension drives activation
of contraction
The rapid expansion phase of spreading in P1 ends because
of the physical barrier posed by the plasma membrane as the
cell changes from a sphere to a flattened morphology (38).
Thus, it appears that the cell volume and plasma membrane
surface area are critical in determining the spread area of a
given cell. When cells are in suspension, the plasma mem-
brane has many folds that flatten during spreading until
they are depleted. At the end of P1, there is a loss of mem-
brane folds and a rise in membrane tension, which presum-
ably signals for an increase in myosin contractility and an
increase in plasma membrane area by ~40% (38) (Fig. 1).
A hypoosmotic shock also ends P1 through the activation
of contraction and exocytosis, presumably because of a
similar increase in membrane tension (38). Interestingly, if
myosin II is inhibited, membrane tension rises dramatically
as well, causing the increase in exocytosis. This is consistent
with the finding that enhancing myosin activity (using caly-
culin A) leads to reduced tension (39). How an abrupt change
in membrane tension is converted into a biochemical signal
that activates exocytosis and myosin II contraction is not un-
derstood, but may involve tension-dependent activation of a
GTPase exchange factor (GEF) that causes a local rise in
GTP-Rho or some other small G protein, which then causes
myosin activation and membrane exocytosis. In addition to
myosin, the Rho GTPases act through different actin assem-
bly factors to regulate both membrane exocytosis (40,41)
and protrusion-retraction coordination (42–46). This is
consistent with the spatiotemporal coordination of GTPase
activity, which follows a sequence of RhoA, Cdc42, and
Rac1 activation during the protrusion-retraction cycles in
migrating cells (47). This indicates a cross-coordination be-
tween the Rho-GTPases, which Vega et al. (42) studied more
closely by examining the distinct roles of RhoA and RhoC in
cell migration, where RhoA, but not RhoC, acts through Rho
kinase 2 (ROCK2) to inhibit Rac1 activity.Periodic contractions and rigidity sensing
Once myosin contraction is activated to end P1, the cells on
rigid substrates often begin to exhibit periodic lamellipodial
contractions that signal the start of P2 of spreading (3,48).
These contractions seem to be involved in sensing rigidity,
since if the surface is soft, the cells do not exhibit periodic
contractions and stop spreading at that point. Further, there
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adhesions (3). However, if the surface is rigid, the cells
continue to spread through continuous cycles of periodic
contractions approximately every 25 s, during which initial
adhesions form at the cell edge, which then can mature over
time into more substantial adhesions. A mechanical process
for the periodic contractions has been proposed that involves
movement of an upper layer of actin filaments over the
adhesions to myosin filaments behind the adhesions, which
then initiates the contractile cycle (49).
On rigid surfaces, the protrusion-retraction cycles lead to
the organization of adhesions that mature over time. Saez
et al. (50) reported that when they used elastomeric pillars
of different rigidities as substrates for cell spreading to mea-
sure cellular forces, 4–16 h after spreading, the average dis-
placements were constant at 130 nm over a 100-fold range of
rigidity. Further, during spreading, the cells produced local
contractions of 100–130 nm irrespective of rigidity that
were transient and correlated with rigidity sensing. This indi-
cates that cells sense rigidity by displacing substrates to a
constant distance. Thus, the signal for rigidity should be
related to the force needed to produce a given displacement.Rigidity sensing by cellular contractions
Because of the importance of rigidity sensing for fibroblast
viability as well as stem cell differentiation, rigidity sensing
of deformable matrices has been extensively studied. Laser
tweezers, traction force microscopy, and PDMS pillar arrays
have been used to measure force generation during rigidity
sensing. In early laser-tweezers studies, a force greater than
20 pN for several seconds was needed to activate reinforce-
ment of the adhesion contacts (30). In large-pillar studies of
epithelial cells in steady-state conditions (up to 16 h after
plating), pillar displacements, as a measure of the traction
forces, were constant over a 100-fold rigidity range (50).
In traction force microscopy studies, transient contractions
of large focal adhesions were correlated with rigidity
sensing (52). At the finer resolution afforded by 500-nm-
diameter pillars, local contraction units were observed that
transiently pulled on the matrix to a maximal displacement
of ~100–130 nm per contractile unit independently of rigid-
ity. In all of these studies, the reinforcement of adhesion
contacts required that the force on the matrix contact exceed
a certain level (~20 pN) in a certain time (estimated to be
2–5 s) whether the force was externally generated by laser
tweezers or internally by local cellular contractions of ma-
trix attachments. Thus, rigidity sensing involves the initial
reinforcement of matrix adhesions.
From studies of the early displacements of both large and
small pillars, it was evident that two different contractile pro-
cesses take place in the fibroblasts: one involving local con-
tractile units 2–3 mm in length and the other involving
coupling of adhesions to inward actin flow by a stick-slip
mechanism (also called a clutch) (34,53). When rigiditysensing was analyzed on submicrometer diameter pillars,
the pillars were locally displaced to a constant distance of
~50 nm independently of the substrate rigidity (34). For
larger pillars (>1 mm), however, the displacements scaled
with the pillar height and thus the substrate stiffness. This
indicated that cells use special rigidity-sensing contractile
units that stretch between two (or more) submicrometer pil-
lars to cause displacements to a constant distance and thereby
generate the force needed to activate adhesion reinforce-
ment. This seems to be a universal mechanism and such units
are present in many different cell types. The equidistant pull-
ing of two pillars over 25 s (the time period of the periodic
contractions (49)) with high forces (>15 nN/mm2) indicates
an antiparallel actomyosin structure that can be likened to a
basic muscle sarcomere. Alternatively, the cell can generate
adhesions by using the flow of actin inward to generate force
on the matrix contacts as in the earlier laser-tweezers studies.
The two different actin contractile systems are distinct and
could well be used differentially in normal cell-matrix inter-
actions.What is not clear is when the flow of actin or the local
contraction units will provide the predominant method of
rigidity sensing. Since adhesions are formed around the
cell edge and over many contractile cycles, they will produce
a cumulative signal that will also influence nuclear signaling
and ultimately influence cellular processes such as cell
growth and differentiation (Y. Cui, F. Hameed, B. Yank,
K. Lee, S. Park, M. Sheetz, unpublished) (55,56).Enzyme pathways in rigidity sensing
Several kinases and phosphatases, such asRPTPa, Src family
kinases (SFKs), and other tyrosine kinases, have been impli-
cated in rigidity sensing (57–59). These and other enzymes
provide signals for the assembly and turnover of the contrac-
tile units and presumably are also involved in the sensing
of force. When the matrix forces exceed the force threshold,
adhesion components that are needed for the generation of
matrix signals accumulate. It appears that phospho-tyrosine
kinase (PTK) signaling is especially critical (59). Distinct
PTKs influence adhesion formation and stress fiber assembly
or disassembly. This signaling ensures that cells rapidly
disassemble adhesions on soft substrates, which prevents
them from migrating or proliferating. Other PTKs cause
the stabilization of adhesion components on rigid substrates.
SFKs influence actin assembly from adhesions, retro-
grade flow, adhesion maturation, and adhesion turnover
(27,28,60–62). Thus, enzymatic pathways are key regulators
of the rigidity-sensing mechanisms and could be critical for
determining the tissue-specific rigidity response.Stabilization and maturation of adhesions
by force
Adhesion stabilization and maturation involve a host of
different structural and signaling components (57,59,64–66).Biophysical Journal 107(11) 2508–2514
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and disassembly, is typically in the range of tens of minutes
and depends on both force signals and actin assembly path-
ways (17,28,61,67,68). In contrast, individual proteins
exchange between the adhesion and cytoplasm within sec-
onds, highlighting the dynamic nature of the adhesion
(26,69,70). Again, the exchange rates correlate with myosin
forces, and many critical components exchange more slowly
and less extensively in the presence of blebbistatin (e.g., pax-
illin), whereas others exchange more readily (e.g., vinculin)
(26). Such exchange rates are known only for a few proteins
out of several hundred proteins of the adhesome (64,65).
However, quantitative proteomic studies indicate that a sig-
nificant number of the components are bound in a force-
dependent manner and are lost after myosin contractility
inhibition (65).Sensing by actin flow
Assembly of actin at the cell edge is balanced by depoly-
merization farther inward and results in retrograde actin
flow from the edge to the central regions of the cell (71).
Recent studies have shown that actin assembly by formins
at the cell edge or at adhesions is tension sensitive and
may add to nuclear signaling via the MRTF-A or YAP/
TAZ pathways (54,55,72–74). Moreover, several of the
adhesion proteins connect transiently (directly or indirectly)
to retrograde flowing actin and are repeatedly stretched in
this process (53). The resulting exposure of cryptic sites
on talin, p130Cas, and other mechanosensitive proteins
leads to the activation of signaling pathways to the nucleus
or other parts of the cell (53,62,75,76). This signaling pre-
sumably involves LIM domain proteins, many of which
can shuttle to the nucleus and bind to adhesions in a
force-dependent manner (65,77,78). Thus, the adhesions
are signaling centers that through periodic assembly and
disassembly ensure constant signaling to enable cell growth
and inhibition of apoptotic pathways on permissive sub-
strates. Both the different matrix proteins and the process
of adhesion assembly and disassembly will vary among
different cell types and tissues to determine the proper cell
behavior in the proper matrix environment.CONCLUSIONS
Cells communicate with their physical microenvironment
through matrix adhesions to control cellular responses.
Using fibroblast spreading as a model system, the process
of mechanosensing through adhesions can be studied with
high precision. Adhesion assembly is a stepwise process
during which protein complexes form local mechanical
tools to locally test different matrix properties for a short
time before they move to the next step. Each test creates sig-
nals that will lead to an if/then decision for the cell to move
(or not) to a further test of matrix properties. At steady state,Biophysical Journal 107(11) 2508–2514the frequency of the matrix tests is controlled by internal
(e.g., cell growth) or external (mechanical or hormonal) sig-
nals. The formation of tissue-type-specific tools results in
tissue-specific signals that are integrated over time to deter-
mine the proper cellular response, which enables the cell to
dynamically react to changes in its environment.
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